The synthesis of a terpyridine-guanosine ligand and its reaction with copper(II) to yield a new [2 + 2] metallo-rectangle is reported. The metallo-rectangle was characterized by single crystal X-ray diffraction and the structure showed significant intramolecular π-π stacking interactions between the two terpyridine moieties of the molecule. This prompted us to investigate the magnetic properties of the new di-copper(II) assembly which displayed ferromagnetic interactions in the solid state. † Electronic supplementary information (ESI) available. CCDC 948496. For ESI and crystallographic data in CIF or other electronic format see
Self-assembly has been demonstrated to be a very efficient approach to the synthesis of complex architectures. [1] [2] [3] [4] [5] [6] Utilizing suitable design principles one can readily synthesize discrete supermolecules from relatively simple fragments in a single step in high yields. One valuable feature of self-assembly is its dynamic nature which stems from the reversibility of non-covalent interactions. Metal coordination has proven to be a particularly useful reversible interaction for the synthesis of a plethora of supramolecular assemblies such as macrocycles, cages and helices. [7] [8] [9] [10] Recent years have witnessed the rapid development of supramolecular coordination systems with potential applications in many areas including gas storage, ion-exchange, magnetism, catalysis and optoelectronics. [11] [12] [13] [14] [15] [16] Over the past 20 years, research on molecular-based magnetism has become well established with the underlying aim of producing usable devices. Magnetic materials can be constructed to yield discrete clusters or extended structures with the magnetic moment carriers (such as paramagnetic metal ions) as the repeating unit, using appropriate bridging ligands to provide superexchange pathways between the metal centres. A number of systems have been reported in which π-π stacking interactions play a major role in propagating the magnetic properties, eventually leading to long range magnetic ordering. [17] [18] [19] [20] Some of the factors that play crucial roles in transmitting strong magnetic coupling are the distance between metal centres, the nature of the bridging ligands and the spin ground state. Recently, non-covalent interactions have been exploited in the design of polymetallic magnetic materials where supramolecular interactions bring enhanced magnetic ordering in the system. 21 Herein we report the synthesis of the new terpyridineguanosine ligand L 1 (Fig. 1 ) and the corresponding metallorectangle 3 (Fig. 2 ). This metallo-rectangle was characterized by single crystal X-ray diffraction and the structure showed significant intra-molecular π-π stacking interactions between the two terpyridine moieties of the molecule. This prompted us to investigate the magnetic properties of 3 which showed ferromagnetic interactions in the solid state.
Ligand L 1 was synthesised following the procedure outlined in Fig. 1 (see ESI † for full synthetic details). The 1 H NMR spectrum of L 1 indicated the absence of the N1-H proton of the guanosine moiety while other expected signals from the terpyridine and guanosine were present with the correct integration. The 13 C{ 1 H} NMR spectrum was also consistent with the proposed formulation; it showed a considerable downfield shift of carbon C6 and a small downfield shift of the C8, C4, C5 and the sugar C1′ carbons as compared to guanosine (see Fig. S3 †) . The 1 H-15 N HMBC NMR showed the splitting of the peak at 5.5 ppm ( Fig. S4 †) which may be due to the non-equivalent protons present at N2 position of L 1 . The FT-IR spectrum of L 1 indicated the absence of the CvO stretching frequency in contrast to guanosine which displays a strong band at 1708 cm −1 . The ESI(+) mass spectrum of this product showed a peak at 599 a.m.u. consistent with the formulation of L 1 .
The new metallo-rectangle 3 was readily synthesised by reacting L 1 with one equivalent of Cu(NO 3 ) 2 in methanol ( Fig. 1 ). This yielded a green-blue solution from which blue crystals suitable for X-ray crystallography were obtained by slow evaporation of the solvent (95% yield). The X-ray crystal structure ‡ shows the molecule to have adopted a self-filling rectangular conformation with the central pyridyl ring of each terpyridine unit involved in a back-to-back intra-molecular π-π stacking interaction (interaction a in Fig. 2 , Table 1 ); the rectangle has approximate internal internuclear dimensions of 3.44 and 12.91 Å. The geometry at each copper centre is distorted square pyramidal with the water ligand occupying the apical site (see Table S1 †). Adjacent molecules are linked by a series of π-π contacts involving both the terpyridine (3.41 Å) and purine (3.33 Å) moieties to form an extended network. Formation of rectangle 3 was further confirmed by ESI mass spectrometry which showed a small peak at 1510 a.m.u. assigned to [(Cu) 2 (L 1 ) 2 (NO 3 ) 3 ] + . Several other peaks were observed consistent with the fragmentation of the [2 + 2] assembly under the mass spectrometric conditions (see Fig. S5 † for spectrum). The UV-vis spectrum of 3 showed absorption bands at 334 nm, 323 nm and 280 nm as compared to the free ligand L 1 at 281 nm. The molar extinction coefficient of 3 was determined to be 24 000 M −1 cm −1 considering the absorption peak at 323 nm.
In order to study the magnetic properties of the di-copper(II) assembly, magnetic susceptibility measurements were carried out on a crystalline powder of 3 using a Quantum Design SQUID magnetometer. These measurements showed a linear response of magnetisation against field across 0-5000 Oe. The temperature dependence of the magnetic susceptibility was studied at an applied magnetic field of 1000 Oe in the temperature range 1.8-300 K. The 1/χ M vs. T plot, fit in the temperature range 75-300 K, obeys the Curie-Weiss Law with a positive Weiss constant of θ = 10.45 K with C = 0.816 cm 3 mol −1 K, consistent with two copper(II) centres with g = 2.09 (note: χ M T = 0.375 cm 3 mol −1 K for an S = 1/2 ion with g = 2). The plots of χ M vs. T and χ M T vs. T for two copper(II) ions are presented in Fig. 3 . At room temperature χ M T = 0.84 cm 3 mol −1 K, is consistent to the Curie-Weiss fit. The χ M T value gradually increases upon decreasing the temperature from 300 K and reaches a maximum value of χ M T = 0.97 cm 3 mol −1 K at 47.68 K suggesting the presence of ferromagnetic interactions. On further cooling, it exhibits a rapid fall with χ M T = 0.86 cm 3 mol −1 K at 2 K. Although the magnetic data are likely influenced by several different interactions between centres leading to complex behaviour, the general rise of χ M T vs. with lower T and the positive θ suggest a dominant ferromagnetic exchange between the copper(II) centres. Table 1 for details of distances). The X-ray crystal structure indicates that the two copper(II) centres are too far apart to show strong magnetic coupling through a superexchange mechanism. On the other hand, the crystal structure of 3 showed the presence of π-π stacking interaction between the terpyridine moieties (with a mean interplanar separation of 3.41 Åsee Table 1 ). It has been previously reported that π-π interactions can give rise to long-range ferromagnetic ordering between metal ions. 17, 22, 23 Therefore we propose that these inter-molecular interactions may serve as adequate superexchange mediators between the di-copper(II) centres and account for the observed ferromagnetic exchange.
In order to further study the interaction between the copper(II) cations in 3, solution and solid state EPR studies were carried out. The EPR spectra of a frozen solution of 3 in DMSO at 5 K showed the characteristic quadruple splitting for copper(II) (Fig. S6 †) . The X-band EPR spectrum showed an axial signal with perpendicular component at g = 2.06 and a shoulder derivative around g = 2.36. However, the coupling between the two copper centres in the molecule could not be detected by EPR due to the absence of a half field signal. The solid state Q band EPR spectra recorded at 4 K showed similar spectral features.
To investigate the potential coupling mechanism through inter-and/or intra-molecular π-π contacts (a-d in Fig. 2 above) density functional theory (DFT) calculations were carried out on the model fragment systems 4-7 to simulate the relevant intra-molecular (4) and inter-molecular (5-7) interaction pathways (Fig. 4) .
The system called for a sufficiently large basis set; the Ahlrichs' triple-ζ def2-TZVP basis set has been previously shown to be suitable for this type of system. Using the Broken Symmetry approach postulated by Noodleman et al., 24 implemented in ORCA in conjunction with the popular UB3LYP functional coupling values of J A = −4.47 cm −1 , J B = −0.66 cm −1 , J C = −0.08 cm −1 and J D = −0.61 cm −1 were obtained. The interactions thus appear to be dominated by the intra-molecular π-stacking, with all of them calculated to be anti-ferromagnetic in nature. We note that the sign calculated for the magnetic exchange does not match the observation of a positive Weiss constant and rising χ M T value with decreasing temperature. Previously reported computational work on magnetic exchange through π-stacking and other non-bonding interactions, has also shown the quantitative relation between calculated and observed coupling constants to be limited. 20 In the case of 3, where coupling constants are likely to be of a few wavenumbers, similar limits in the accuracy of the calculated J values may lead to determination of the opposite sign. The computational work, however, illustrates the spin density distribution and gives insight into the coupling mechanism. A closer look at the spin density reveals that it is indeed significantly lower than one on each of the Cu II centres (see Fig. S7 and Table S2 †). Combined with the fact that the surrounding N atoms show spin contributions of the same sign, this indicates that the spin is delocalised from the metal 3d orbitals to the surrounding ligand atoms. As the magnetic coupling is accomplished through the π-stacking, the delocalisation is critical to propagate the coupling. A closer look at these data (Table S2 †) reveals that most of the delocalised spin is located on the terpyridine ligand, in agreement with the larger magnitude of intra-molecular coupling value calculated. The McConnell spin-polarisation model 25 has previously been used to explain through-space couplings between overlapping aromatic fragments whereby regions of positive and negative spin density on the respective fragments are aligned. 26 In the case of 3, regions of positive spin density on one terpyridine ligand interact with regions of both positive and negative spin density on the other terpyridine ( Fig. S7 †) which is in keeping with the relatively low overall coupling constant observed.
In summary, herein we report a new self-assembled dicopper(II) rectangle which displays intra-and inter-molecular π-π interactions. These play an important role in the ferromagnetic properties observed for this system showing that non-covalent interactions can be utilised to develop materials with interesting magnetic properties.
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